Single-cell analysis is pivotal to deciphering complex phenomena like cellular 18 heterogeneity, bistable switch, and oscillations, where a population ensemble cannot 19 represent the individual behaviors. Bulk cell-free systems, despite having unique 20 advantages of manipulation and characterization of biochemical networks, lack the 21 essential single-cell information to understand a class of out-of-steady-state dynamics 22 including cell cycles. Here we develop a novel artificial single-cell system by encapsulating
100
The oscillator is effectively tunable in frequency with cyclin B1 mRNAs
101
The ability to adjust frequency is an important feature for an oscillator (Tsai et al., 2008) .
102
Here, we demonstrated the present system provides an effective experimental solution to 4 the study of tunability of the clock. To avoid any interference from the complicated nuclear 104 dynamics, we reconstituted a minimal mitotic cycle system which, in the absence of sperm 105 chromatin, formed no nuclei. This simple, cytoplasmic-only oscillator produced highly 106 robust, undamped, self-sustained oscillations up to 32 cycles over 4 days (Figure 2A , B
107
and Supplementary Video 1), significantly better than many existing synthetic oscillators.
108
To modulate the speed of the oscillations, we supplied the system with various 109 concentrations of purified mRNAs of full-length cyclin B1 fused to YFP (cyclin B1-YFP), 110 which function both as a reporter of APC/C activity and as an activator of CDK1. A droplet 111 supplied with both cyclin B1-YFP and securin-mCherry mRNAs exhibited oscillations with 112 highly correlated signals ( Figure 2C ), suggesting that both are reliable reporters for the 113 oscillator activity. With an increased concentration of cyclin B1-YFP mRNAs added to the 114 system, we observed a decrease in the average period ( Figure 2D ), meaning that a higher 115 cyclin B1 concentration tends to speed up the oscillations. However, the average number 116 of cycles ( Figure 2E ) was also reduced with increased cyclin B1 concentrations, resulting 117 in a negative correlation between the lifetime of oscillations and the amount of cyclin B1 118 mRNAs. The extracts will eventually arrest at a mitotic phase in the presence of high 119 concentrations of cyclin B1.
121
The behavior of the single droplet oscillator is size-dependent 122 Moreover, this system provides high flexibility in analyzing droplets with radii ranging from 123 a few µm to above 200 µm, enabling characterization of size-dependent behaviors of cell 124 cycles. At the scale of a cell, the dynamics of biochemical reactions may become 125 stochastic. Although stochastic phenomenon has been studied extensively in genetic 126 expressions, studying a system that is out of steady-state can be challenging in living 5 cycles responded to varying droplet sizes in opposite directions, they followed the same 140 trend when modulated by cyclin B1 mRNAs, resulting in a lifespan of the oscillatory system 141 sensitive to cyclin B1 mRNA concentration. Moreover, we have observed that securin-142 mCherry and cyclin B1-YFP both exhibited oscillations of increased amplitude, baseline, 143 and period over time ( Figure 2C, Supplementary figure 1A, B ), which cannot be explained 144 by existing cell cycle models (Yang and Ferrell, 2013; Tsai et al., 2014) .
145
Unlike intact embryos, cell-free extracts lack yolk as an energy source and lack 146 sufficient mitochondria for energy regeneration. We postulated that energy is an important 147 regulator for a droplet system with a limited amount of energy source consumed over time.
148
To gain insights into our experimental observations and better understand the in vitro 
158
We noted that ATP-dependent phosphorylation of Cdc25 and Wee1 can decrease R by 159 activating Cdc25 and inhibiting Wee1 simultaneously, resulting in a high dependence of 160 R on the ATP concentration ( Figure 3B ).
161
Using this model, we further investigated the relationship between ATP and the 162 oscillation behaviors. In Figure 3C , the phase plot of the two-ODE model shows that at a 163 low R (e.g. 0.5), the system will stay in a stable steady-state with low cyclin B concentration 164 and at a high R (e.g. 2.5), the oscillation will be arrested in a stable steady-state with high Figure 1C) , while when the droplet diameter increased, 177 the mean (and standard deviation) period decreased with increased mean (and standard 178 deviation) number of cycles (Supplementary Figure 1E ).
179
We have developed here a novel artificial cell system that enables highly robust and 180 tunable mitotic oscillations. The system is amenable to high throughput, quantitative 181 manipulation and analysis of both cytoplasmic and nuclear processes. Given cell cycles 182 share common topologies with many biological oscillators, the system may be valuable to 183 investigate fundamental principles of oscillator theory.
184
Our energy depletion model suggested an interesting mechanism to modulate 185 oscillations with a single control parameter R that depends on the energy-tunable balance Cycling Xenopus extracts were prepared as described (Murray, 1991) , except that eggs 193 were activated with calcium ionophore A23187 (200 ng/µL) rather than electric shock.
194
Freshly prepared extracts were kept on ice while applied with de-membranated sperm 195 chromatin (to approximately 250 per µl of extract), GFP-NLS (10 µM) and recombinant 196 mRNAs of securin-mCherry (10 ng/µL) and cyclin B1-YFP (ranging from 0 to 10 ng/µL).
197
The extracts were mixed with surfactant oil 2% PFPE-PEG to generate droplets. Complicated models have been proposed to describe the embryonic cell cycle oscillation 248 (Novak and Tyson, 1993a; Ciliberto et al., 2003; Pomerening et al., 2005; Tsai et al., 2008) .
249
However, simple two-ODE models with fewer parameters are more amenable to analysis, 250 while still capturing the general property of the feedback loops. We described the net 251 productions of cyclin B1 and active cyclinB-Cdk1 complex 1 8 using the following two 
275
as 3.5 and /0123 as 11 (Kim and Ferrell, 2007; Trunnell et al., 2011) .
276
We use a free parameter r, representing the ratio of the double negative and double 277 positive feedback strengths, to permute the balance between the two feedbacks. This
278
balance is suggested to be critical for oscillatory properties (Tsai et al., 2014) . Note that 279 this r is a parameter while R in the main text is a measurement that changes over a 280 simulation.
281
In droplets that have small volumes and contain small numbers of molecules, the 282 stochastic nature of the underlying biochemical reactions must be considered. We 283 adapted a stochastic two-ODE model (Yang and Ferrell, 2013) , and converted our two-
284
ODE model to the corresponding chemical master equations (Kampen, 1992) and carried 285 out numerical simulations using the Gillespie algorithm (Gillespie, 1977) . The reaction 286 rates and molecular stoichiometry are shown in Table 1 . 
288
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Colored areas represent moving 25 percentiles to 75 percentiles with a binning size 20.
380
The equivalent diameter is defined as the cubic root of the volume of a droplet, estimated 381 by a volume formula in literature (Good et al., 2013) . Note that these size effects are less 382 with higher cyclin B mRNA concentrations. 
